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Abstract

The multiphoton ionization (MPI) and dissociation dynamics of methyl iodide clusters at 266 and 355 nm are studied using a reflectrol
time-of-flight (RTOF) mass spectrometer. The excitation wavelengths were chosen to access the repulsiva stienarad the Rydberg
C state. MPI mass spectrum at 266 nm consists mostly of fragment ions, ItHand . This is consistent with a ladder-switching
mechanism in which rapid one-photon dissociation occurs from the repulsive potential energy surface followed by multiphoton ionizatior
of neutral photofragments. The observation of considerable amount of parent ion and methyl-rich fragmgl)ts:(dgH(n: 1-9) at
355 nm excitation is indicative of the ionic-ladder process in which the parent ions are produced directly by absorbing three photons ar
then dissociates through an additional one-photon absorption to produce fragment ions. These processes are further supported by the |
power dependence of product ions. The results are interpreted in terms of the electronic state diagram of the methyl iodide and effec
resulting from intracluster chemical reactions. ©1999 Elsevier Science S.A. All rights reserved.
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1. Introduction absorption band in the UV centeredi@tax= 260 nm. In the
VUV the transition to the Rydberg state ( < 5pn) con-
The study of chemical reactions in molecular clusters is sists of a sharp series of lines between 200 and 170 nm. The
a rapidly expanding field of research that relies strongly on existence of these accessible excited states, which present
MPI mass spectrometry for understanding the dissociation different photoionization and dissociation dynamics, makes
mechanism and the dependence of reactivity on cluster sizeCHzl an interesting example of polyatomic molecules.
[1-5]. A number of possibilities can be envisioned to de- Whereas numerous investigations have been reported to
scribe the mechanism of photoionization and fragmentation differentiate neutral and ionic fragmentation patterns from
in MPI excitation. At any stage of the multiphoton absorp- CHzl monomer [10-12], there are few reported cases of
tion process, the molecule can either absorb another photoruinraveling the excitation processes and chemical reactions
(ladder climbing) or dissociate to form a fragment (ladder taking place within the clusters.
switching), which in turn can absorb photons and ionize or  In this work, we report on the MPI of Cii clusters at
further dissociate to secondary fragments. The different in- 266 and 355 nm to investigate the photoexcitation and dis-
termediate excited states can affect the rate of ionization andsociation channels of Cifi and to probe how cluster for-
thus the subsequent ion fragmentation process, possibly duenation affects them. Of particular interest is a comparison
to their unlike excited-state configurations. of the dissociation dynamics of the methyl iodide clusters
Extensive studies of methyl iodide photodissociation have at two different excitation processes. The photoreactions are
led to important general insights into, e.g., the mechanismsinitiated by exciting into the directly dissociativé state
of fragment internal energy disposal, curve crossing, and (266 nm) and the RydberQ state (via 355 two-photon reso-
angular momentum correlation mechanisms [6-9]. The re- nance excitation). The fragmentation patterns are discussed
pulsive valencel state &* < n transition) exhibits a broad  in light of the photoexcitation and dissociation dynamics of
the intermediate states and the solvation effect of clusters.
From the intensity dependence of fragment ions on the laser
* Corresponding author. Fax: +82-653-841-4893 pulse energy, it is possible to distinguish among the concur-
E-mail addresskwjung@wonnms.wonkwang.ac.kr (K.-W. Jung) rent photochemical processes in gidlusters.
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2. Experimental

spectrum are CE, I, and . This is consistent with the
previous nanosecond laser MPI experiment [15] ongICH

The apparatus used in our studies has been described irmonomer at 266 nm, where the major product ions of{CH

detail in previous publications [13,14]. In brief, it consists of

and It are observed. The dominaljt formation is resulted

an angular reflectron time-of-flight mass spectrometer usedfrom the neutral cluster reactions and will be described in
in conjunction with a nanosecond laser system. A carrier gasdetail later. In addition, weak ion signals of intact methyl
(ca. 3atm of He) is bubbled through a reservoir containing iodide cluster serie$CHsl);" (n=1-3), methyl-rich frag-

the liquid CHsl (Aldrich, >99.0% pure) at room tempera-

ments (Cl-jl)nCH;r (n=1 and 2), and iodine-rich fragments

ture. The resulting vapor is supersonically expanded through(CHsl),I™ (n=1 and 2) are also observed in the spectrum.
a pulsed nozzle (General Valve) with a 0.5mm orifice di- The results indicate that at 266 nm excitation, methyl iodide
ameter. The neutral clusters pass through a skimmer locatectlusters undergo extensive fragmentation as well as evapo-
2 cm away from the nozzle and are then ionized by a focusedration of solvent molecules.

Nd:YAG laser beam (Spectron SL803G). An UV-grade lens

It has been known that the excitation of glHnolecule

of focal length 35 cm was used to focus the laser light into into the repulsiveA state causes a fast C—I bond dissoci-
the ionization region of the mass spectrometer. The pulseation into CH+1. Recently, Zewail and co-workers have
energy was measured by using a power meter (Molectronreported that the dissociation time of @His found to

PM500D).

be 166fs [16,17]. Since the ionization from the dissocia-

The positively charged ions are then accelerated to ative A state requires additional two 266 nm photons in the
normal kinetic energy of 1700eV through a three plate present nanosecond excitation, hence, single-photon disso-
Wiley—McLaren assembly. The accelerated ions travel ciation is expected to be strongly favored over ionization
through a 1 m long field free region which terminates at a as has been demonstrated for picosecond monomer excita-
double stage reflectron (R.M. Jordan Co.) located at the endtion [11,12,18]. Thus significant fragmentation is a conse-

of the flight tube. Following the reflectron, the ions travel

guence of the situation arising from fast dissociation effec-

an additional 64 cm back to a 40-mm microchannel plate tively competing with multiphoton ionization of intact GH
(MCP) detector. The ion signals were averaged by a digi- molecule. The extensive formation of fragment ions is at-
tal oscilloscope (LeCroy 9350A) normally for 1500 laser tributed to a ladder-switching mechanism in which the pre-

pulses at a repetition rate of 10 Hz.

3. Results and discussion

dominant pathway to ions is from one-photon dissociation
of CHal followed by multiphoton ionization of the neutral
CHgz and | photofragments [15]. It must be presumed that
the one-photon photolysis produces an equal number gf CH
and | fragments, so the small intensity ratio of Citb I

Fig. 1 shows a typical TOF mass spectrum observed for is probably due to the smaller MPI cross section for the

a cluster beam of C§l at 266 nm. This excitation wave-
length lies near the absorption maximum260 nm) in the
dissociativeA state of CHI. The major product ions in the
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Fig. 1. Multiphoton ionization TOF spectrum of methyl iodide clusters
for an excitation wavelength of =266 nm. Laser pulse energy is 2mJ.
The expanded signal exhibits the parent and fragment cluster ions.

CHjs radicals than for | atoms. The weak signal intensities
of cluster ions also support our conclusion that the nanosec-
ond excitation at 266 nm provides an ineffective ionization
of unreacted clusters.

The mass spectrum that results from MPI of {Lidlus-
ters at 355 nm is shown in Fig. 2. The laser pulse energy
was 4.0mJ. Changing the wavelength of the single color
ionization laser from 266 to 355 nm affects the fragmenta-
tion pattern of these clusters in a significant way, indicating
that the excitation process plays an important role on the
formation of cluster ions and their ion—molecule reactions
within the clusters. lonization of methyl iodide clusters led
to the observation of considerable amount of the parent ion
CHsl™ and its fragments CHand I'. The effective forma-
tion of CHsl " ions is indicative of direct ionization of G
molecule via multiphoton process. Fragment ions such as
Cng and I are thus presumably produced from the disso-
ciative ionization of neutral Ckl and the photodissociation
of CHzl™ ions by additional photoabsorption.

It is quite interesting to note that at 355 nm methyl-rich
(CHgl)nCHgL ions are predominantly produced among the
cluster species. As can be seen in Fig. 2, the mass spec-
trum contains signals of clusters up to 9-mer. The absorp-
tion of the three photons (3 =10.47 eV) by CH]I results
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CHICH, Syage and Steadman [4] have reported picosecond two-color
I 2 3 4 5 6 7 8 9 MPI and electron-impact ionization studies of gHtlus-

ters at 266 nm. They proposed that, after absorption of one
CH,I' photon by CHiI, a methyl group is ejected and immediately

| CH,’ N abstracts a second methyl, forming ethane anid b con-
certed process. The mechanism §fformation is still a
matter of controversy.

Based on the present results, there are two classes of pos-
sible routes to consider. The first is a multiphoton ionization
and fragmentation ofCHgzl);" clusters followed by intra-
cluster ion-molecule reactions, which is expected to occur
at 355nm.
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Fig. 2. Multiphoton ionization TOF spectrum of methyl iodide clusters 4+ —2)CHsl AH =3.0(or —0.83eV) (5)
for an excitation wavelength of =355nm. Laser pulse energy is 4mJ.
The expanded signal shows a cluster series of methyl-rich fragment ion.

(CHsl),—2[I T -+ ICH3] — I + CHz + (n — 2)CHgl

in formation of CHI™ ion (IP=9.538eV). The resulting AH =0.37eV (6)
parent ion undergoes the intracluster reaction to form the
dimethyliodonium ion.

Weak 5* intensity at 355 nm excitation, in spite of the con-
siderable amount of the observed £H ions, indicates that
(CHsl),[CH3l + CHzl™] — (CHal), (CH3ICH3)™ +1 (1) the above reactions do not play an important role in the pro-
duction of I} ions.
This is in accord with the known ion—molecule Chemistry of The Second is a mu'tiphoton ionization of neut@lbrod-
methyl iodide reported by Beauchamp [19], who observed yct formed from one-photon dissociation of gHnolecule
that (CHsl)2I™ is generated by the nucleophilic displace- and sequential reactions within clusters. At 266 nm, 96% of
ment reaction. Alternatively, (C#),CH3 formation canbe  the absorbing molecules are excited to i state, which
explained by the dissociative ionization of glHclusters correlates with the CH+I*(2P1/2) product state [21]. Based
within the cluster via three-photon absorption. on many experiments, it is known that I*/I branching ratio
2y from the photodissociation of Gi#Hin the n— o* band fa-
(CHal)» = [(CHal)u-1CHgl 1" — (CHgl),—1CH; +1 (2) vors the excited spin-orbit state of | atom [22].

The present results strongly demonstrate that at 355 nm the hv «

dissociative ionization pathway of GH" to produce CH (CH3l),—2[CH3-]=(CHal), _; + CHs )

ions dominates OJY?M formation process.  The dissociated | atom in (G#), photolysis is known to
The (CHl),CHj ions can also be formed from the multi-  yndergo intracluster chemistry leading tofbrmation, so

photon ionization of |n|t|a”y dissociated GHadicals which the escape of | atom competes withfbrmation [23_25]
do not immediately get ejected.

(CHsl),—2[1* - --ICH3] = l2 + CH3 + (n — 2)CHgl

hv 3hv
(CHgl), 11> (CHal)a[CHs + 1175 (CHal),CH +1  (3) AH = 0146V @®)

Initial dissociation and sticking of the formed Glrhdical to An additional two-photon absorptiont2=9.32 eV) by the

”}e rema;nmg ]E:Iuster CtOUIa accounttLqr an e?]haf‘ce“' S|gnaI|2 molecule would be required to produce the obser\z'jed I
of methyl-rich fragments. HOWever, this mechanism Seems ;¢ since jonization potential of is 9.31 eV [26].

unlikely since CH radical contains higher kinetic energy Another possible route for thg“lformation comes from

compongnt than | atom, thus easy to be separated from thea concerted photolytic mechanism as proposed recently by
neighboring molecule. Syage [25]

The observation of%] ion in the mass spectrum indicates
that chemical reaction occurs inside the clusters since the hv
CHj, I, and CHl " ions are primarily produced in the MPI (CHsDn—2[CHal - ICH3] =12 + CoHe + (n = 2CH4 (9)
mass spectrum of Giimonomer at 266 and 355 nm. Sapers This reaction is exoergic by 0.53 eV assuming a ¢QgH
et al. first observed; from 248 nm excitation of small C# binding energy of 0.12eV [27]. This mechanism is similar
clusters via time-of-flight mass spectrometry [20]. However, to the four-center reactions observed for @} 1> + 2H (or
they could not establish the origin o{ lunambiguously. H>) [28,29]. The  formation by neutral cluster chemistry
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Fig. 3. Plots of the log of ion fragment intensity vs. log of laser pulse energy at£&66 nm and (b) =355nm. The solid lines are fit to the data.

and its multiphoton ionization is further supported by the 161 116
observation of dominantjl ions at 266 nm rather that at i Path Il <= == Path '™
355nm. n ' 7

In order to shed more light on the origin of the ion forma- | CHi 4 I g O ] y
tion mechanism, we investigated the general trends in the ion | CHs +l , P s
abundance distribution of mass spectra as a function of the ;5| 0| g™ ARACN B 110
laser pulse energy. Fig. 3 shows the log-log plots of | | 1 rra & 5FE' 8 7p2Ds8
CHJ, CHzl™, and | ion intensities at two different wave- i .
lengths. The ion signal of each species is obtained by inte- i _ .
gration of the corresponding TOF spectrum. At 266 nm, the N E{i,i,i *ZZ; Ei’ .
CH3+ and ™ signals vary nonlinearly in the low pulse ener- sl 15
gies of less than 0.4 mJ and follow 3.7- and 3.6-photon laser A (spm =) L ’_J 1
intensity dependence, respectively. At higher laser pulse en- i .
ergies, the falling off in the slope provides evidence of sat- i 355nm | 266 nm (ii%r::,) .
uration, — (3.49eV) (4.66 eV) )

A four-photon dependence of GHand I signals at i .
355nm is also inferred from the slopesr[QCHg) =3.9and CHAIOCAY CHs(X) 1(*Paz)

n(1T) = 3.6, within the power range used (1-5mJ), whereas
CHalt increases with third order. Thé’ lyields show third Fig. 4. Scheme of two plausible alternative ionization pathways for the
order behavior at both excitation wavelengths, indicating that Preduction of parent and fragment ions from &IHThe ionization poten-

th hot . ible f dd fi tials and the appearance potentials shown are taken from refs. [12,30,31].
ree-photon process Is responsible for t}i rmation, as Path |: Dissociation of the excited GHmolecule at 266 nm leads to

mentioned above. The decreased intensit;{dbhs at high neutral CH and |. After consecutive photon absorption the fragments are
laser power (see Fig. 3a) is probably due to their fragmen- ionized to form CH and I*. Path II: Direct three-photon ionization leads

tation into atoms. to CHgl* and a consecutive photodissociation of 4LHto the fragment
The energy diagram of Fig. 4 represents the formation " ¢ and I*

mechanism of neutral fragments and ionic products resulting

from photochemistry. Path | is the dissociation of excited |Q|(7P2D5/2)h_v>|+ +e (11)

neutral CHI and subsequent ionization of the dissociation

products — ladder switching mechanism. The excitation of CHS(X)JFZ—thHg,(SfZE/)ECH%r +e (12)

CHgzl molecule into the repulsivé\ state cause the rapid

dissociation into CH+1in less than 1 ps. The'land (;|-§r At 266 nm, the observed intensities of gil-and I+ frag-

ions formed at low laser power of 266 nm are due to the ments show the fourth order behavior as well as the same

following processes, as Bernstein et al. [15] have suggestedincreasing tendency with laser pulse energy. These results
" indicate that the fragment ions are formed through (2+1)

CHsl—CH3z(X) + 1*/1 (10) photon ionization of neutral C¢and | after one-photon dis-
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sociation of CHI monomer. Since multiphoton ionization
with the 266 nm photons prepares the:at:hhd i+ fragment
ions with significant excess energy, it is likely that this ex-  The authors gratefully acknowledge the Korea Research
cess energy leads to the evaporation of solvating methyl io- Foundation (non-directed research fund, 1997-1999) and
dide molecules or helium atoms. This would lead to smaller Korea Atomic Energy Research Institute for the support of
size clusters or even monomer units. this research.

On the other hand, one-photon wavelength of 355 nm does
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